We present new major and trace elements and Sr, Nd, Pb, and O isotopic data on basaltic andesite to rhyolitic volcanic rocks from surface outcrops as well as drill wells from the Los Azufres geothermal field (LAGF). With a total installed capacity for electricity production of about 100 MW, LAGF is the second most important geothermal field in Mexico. Hydrothermal alteration has affected most subsurface (drill well) rocks, ranging from partial to complete alteration. The alteration mineralogy with increasing depth (and temperature) is: argillitization/silicification, zeolite/calcite formation, sericitization/chloritization, chloritization/epidotization. 595. An objective statistical methodology, based on F-ratio and Student-t tests, used for the comparison of chemistry of surface fresh rocks (from the LAGF and the surrounding area), to that of shallow (<1000 m depth) drill well altered rocks reveals that hydrothermal alteration causes a loss of total alkalis in most rock types. High-field strength elements such as Zr, TiO 2 , and P 2 O 5 , generally considered as immobile elements, also show significant hydrothermal alteration-related changes. Finally, Pb isotopic ratios of drill well altered rocks significantly decrease and 143 Nd/ 144 Nd significantly increase with increasing SiO 2 . Such a trend of decreasing Pb isotopic ratios and increasing 143 Nd/ 144 Nd is also observed for hydrothermally-altered rhyolites as compared to fresh rhyolites.
Mexico, with a total installed capacity for electricity production of about 100 MW (Quijano León and Gutiérrez-Negrín, 2000) . Although the high geothermal potential of the Los Azufres area has prompted a large number of studies, concerning rock geochemistry only major elements, sometimes accompanied by a few trace elements, have so far been reported (Dobson and Mahood, 1985; Cathelineau et al., 1987 Cathelineau et al., , 1991 Pradal and Robin, 1994; Torres-Alvarado and Satir, 1998) . Of these, Cathelineau et al. (1987) and Torres-Alvarado and Satir (1998) discussed hydrothermal alteration effects for only major elements and using only the mean values of altered and surface rocks.
We present new major and trace element data, along with new radiogenic (Sr, Nd, and Pb) and stable isotope (O) data on samples of volcanic rocks collected from outcrops and drill cores from the Los Azufres area. This geochemical information, along with published data on volcanic rocks (for location of samples compiled for this study, see Fig. 2 ) and geothermal fluids, is interpreted to infer chemical effects of hydrothermal alteration.
INTRODUCTION
The Los Azufres geothermal field (LAGF) is located in the central part of the Mexican Volcanic Belt (MVB; Fig. 1 ), approximately 200 km northwest of Mexico City. This volcanic province (MVB) in southern Mexico is assumed to be the product of the subduction of the Cocos plate beneath the North American plate. However, at present the origin of the MVB is highly debated (e.g., Torres-Alvarado and Blatter et al., 2003) .
Numerous circular structures are known in the MVB (Anguita et al., 2001) ; some of them, such as Los Humeros, Los Azufres, and La Primavera (Fig. 1 ) are calderas hosting active geothermal systems. The geothermal field of Los Azufres has been extensively explored and developed since 1975. Nowadays, it represents the second most important geothermal field in 
Fig. 2. Sample locations in the study area of the Mexican Volcanic Belt (MVB) that includes the Los Azufres geothermal field (LAGF)
,
GEOLOGICAL SETTING
Los Azufres is one of several Pleistocene silicic volcanic centers with active geothermal systems in the MVB (Dobson and Mahood, 1985; Verma, 1985; Anguita et al., 2001) . The nearest exposures of the prevolcanic basement are 35 km southwest of Los Azufres and consist of gently folded shales, sandstones, and conglomerates of Eocene to Oligocene age. Extensive Neogene volcanic rocks, dominated by basaltic and andesitic lavas, unconformably overlie these sedimentary rocks.
The oldest volcanic activity reported within the field area began 18 Ma, as andesite flows ("Mil Cumbres andesite", Dobson and Mahood, 1985; Fig. 3) . These volcanic rocks built the local basement for Los Azufres and are represented by a phenocryst-poor, microlitic andesite, interstratified with pyroclastic rocks of andesitic to basaltic composition, basaltic lava flows, and subordinated dacitic rocks. This unit, about 2700 m thick, has been dated by K/Ar method between about 14 and 1 m.y. (Dobson and Mahood, 1985) . A minimum K-Ar age of about 10 m.y. for the oldest volcanic rocks underlying the Los Azufres center was reported for a drill-core sample from well Az-20 at 2700 m depth (Dobson and Mahood, 1985) . Drill-core samples collected from higher stratigraphic levels yielded K-Ar dates of about 5.9, 5.0, and 3.1 m.y. A whole-rock sample date of 1.0 m.y. for a surface lava flow provides a minimum upper age limit for this dominantly andesitic volcanism (Dobson and Mahood, 1985) .
Silicic volcanism began shortly after eruption of the last andesites, with ages between 1.0 and 0.15 m.y. and a thickness of up to 1000 m (Dobson and Mahood, 1985) . Three major eruptive groups have been identified at Los Dobson and Mahood, 1985) . Note all wells referred to in the text are shown.
Fig. 3. Simplified geologic map of the Los Azufres geothermal field (LAGF) showing sample locations, drill wells and major faults (modified after
Azufres (in ascending stratigraphic order, Fig. 3 ): (1) the Agua Fría rhyolite, (2) the San Andrés dacite, and (3) the Yerbabuena rhyolite. They built domes and short lava flows with glassy structures. Rocks from these units are frequently fractured on the surface. Close to hydrothermal manifestations they show a very high alteration grade, characterized by strong kaolinitization and silicification.
Three different fault systems, which confer secondary permeability to the geological units, can be distinguished in the field ( Fig. 3 ; Ferrari et al., 1991) : NE-SW, E-W and N-S. The E-W system is the most important one for geothermal fluid circulation. Geothermal manifestations (fumaroles, solfataras, and mudpits), geophysical anomalies, and important energy production zones are related to this fault system.
The massive andesitic unit constitutes the main aquifer, in which the geothermal fluids flow mainly through fractures and faults. These fluids sometimes reach the surface in the form of thermal springs and fumaroles. The geothermal fluids are sodium-chloride rich waters with high CO 2 and H 2 S contents, and a pH around 7.5 (Birkle et al., 2001) . Average Cl -contents are 3100 mg/kg and CO 2 can represent as much as 90% of the total gas phase. Fluid temperatures can reach values as high as 320∞C; however, 240 to 280∞C are normally observed temperatures in the field.
Although radiometric age determinations have been carried out for andesitic rocks from drill wells (ages between 10.2 and 3.1 m.y., Dobson and Mahood, 1985) , no data are yet available for the studied wells Az-26 and Az-52. Well Az-26 was drilled through felsic rocks for the first 540 m, corresponding to the rhyolitic and dacitic units younger than 1.0 m.y. Well Az-52, on the other hand, was completely drilled in the Mil Cumbres andesitic unit, which has been dated between about 14 to 1 m.y. (Dobson and Mahood, 1985) . Considering the age of ª3.1 m.y. for an andesite from well Az-20, 800-1000 m depth and of ª5.0 m.y. for well Az-6, 700 m depth (Dobson and Mahood, 1985) , it is possible to assume that the rocks from the depth range of 0-1000 m have ages (0.05-~5 m.y.; e.g., Dobson and Mahood, 1985; Ban et al., 1992; Pradal and Robin, 1994; Aguirre-Díaz and McDowell, 2000) that are similar to the surface rocks from LAGF and the surrounding area (Fig. 2) . We have used the drill well samples from up to about 1000 m depth to study hydrothermal alteration effects; such a depth (1000 m) was useful in order to have a statistically significant number of analyzed samples from the drill wells for comparison with the surface rocks (Fig. 3) .
SAMPLING AND ANALYTICAL DETAILS

Sampling
Nine fresh rock samples were collected in the field from surface outcrops. Similarly, twelve representative samples of cuttings and cores were also taken from two different drill wells (Az-26 and Az-52; Fig. 3 ). All samples were cleaned using distilled water to remove any adhering dust particles, oven dried at about 60∞C, and pulverized for geochemical and isotopic analyses.
Analytical methods
For surface rocks, major and trace elements were analyzed by X-ray fluorescence spectrometry (XRF) on duplicate fused discs, using a Philips spectrometer at the Universität Mainz, Germany . Isotope work (Sr, Nd, and Pb isotopes) was carried out at the Max-Planck-Institut für Chemie (MPI), Mainz, Germany. Radiogenic isotopes were analyzed on two fullyautomated triple-(for Nd and Pb) and multi-collector (for Sr) MAT 261 mass spectrometers (for more details see . The analytical errors (precision and trueness estimates) reported in these papers are generally between 0.5-2% and 1-10% for major and trace element determinations, respectively.
Rock samples from drill cuttings and cores (wells Az-26 and Az-52) were analyzed for their major and trace elements, as well as their isotopic compositions, at the Institute of Mineralogy and Geochemistry (IMG), University of Tübingen, Germany. Major and trace elements were determined by XRF on duplicate fused discs, using a Siemens SRS-300 spectrometer (Torres-Alvarado and Satir, 1998). Routine precision was generally between 0.3-2% for major elements and between 1-10% for trace elements. Radiogenic isotopes (Sr, Nd, and Pb) were analyzed on a multi-collector mass spectrometer MAT 262 in dynamic mode, following the analytical procedure described by Hegner et al. (1995) . Whole rock oxygen isotope analyses were performed using the fluorination method (Clayton and Mayeda, 1963) at 600∞C, and the resulting oxygen gas was converted to CO 2 by reaction with graphite catalyzed by platinum. CO 2 gas was analyzed on duplicate samples using a MAT 252 mass spectrometer for isotopic ratios of oxygen and carbon relative to SMOW. An internal standard was run every sixth sample achieving a routine precision of ±0.20‰ (1s). Some oxygen isotope measurements were also carried out at the California Institute of Technology, Pasadena, U.S.A., using similar techniques. 
Petrography of analyzed samples
Petrographic studies of volcanic rocks from Los Azufres showed significant lithological and textural variations (Cathelineau et al., 1985; Torres-Alvarado, 2002 Hydrothermal alteration has affected most drill well rocks in the geothermal field. It can vary from incipient to complete, appearing as alteration of the primary minerals and of the rock matrix, as well as filling vesicles and fractures. Most important alteration assemblages, with increasing depth, are (Cathelineau et al., 1985; TorresAlvarado, 2002) : argillitization/silicification, zeolite/calcite formation, sericitization/chloritization, chloritization/ epidotization. Mafic rocks show an alteration succession, directly related to the temperature of crystallization of the primary mineral (Torres-Alvarado, 2002) . Olivine alters rapidly, followed by augite, hornblende, and biotite. These minerals are frequently altered to antigorite, chlorite, calcite, hematite, quartz, and to a lesser extent, to amphibole (tremolite). The alteration of plagioclase can be divided into three different groups, depending on the temperature. The first alteration products are fine-grained phyllosilicates (sericite, muscovite, clay minerals, and chlorite), followed by carbonates. At higher temperatures, plagioclase is preferably altered to zeolite and epidote. Vesicles and fractures are filled mainly by chlorite, quartz, chalcedony, and amorphous silica, as well as calcite and epidote. Zeolites (stilbite, heulandite, laumontite, and wairakite), hematite, pyrite, and sericite also can be observed. Rarely amphiboles (well Az-29 at 2640 m depth), prehnite, and garnet (well Az-29 at 2220 m depth) are present.
Statistical comparison methodology
Conventionally, mean values of chemical variables in fresh and altered rocks have been compared using certain diagrams (e.g., Fulignati et al., 1999) , without taking into account the related variability expressed as standard deviation or confidence interval. Our methodology for comparison of chemical compositions between fresh and altered rocks is based on an objective statistical basis of Fratio (two-sided test) and Student t-tests (Jensen et al., 2000; Miller and Miller, 2000; Verma, 2002) . After grouping the available data by rock type (rhyolite, dacite, andesite, and basaltic andesite), common statistical parameters (number of data, mean, standard deviation, 95% confidence interval of the mean) for each chemical variable (element, normative mineral content, elemental ratio, or isotopic composition) were computed.
The F-ratio test was carried out for a given chemical variable for each group of fresh and altered rocks to know which of the two hypotheses H 0 or H 1 is true at 95% confidence level, equivalent to 0.05 significance level. The null hypothesis (H 0 ) is "the variances for fresh and altered rocks are statistically equal", whereas the alternative hypothesis (H 1 ) is "the two variances are statistically different" thereby implying two-sided version of the Ftest. If for a given chemical variable, H 0 were true, i.e., if there were no significant differences at 95% confidence level between the two variances (for fresh and altered rocks), these two variances were combined to compute a pooled estimate of the common variance and the appropriate Student t-test was applied to know if the two means were statistically equal or significantly different. Otherwise, if H 1 were true, i.e., if the two variances differed significantly at 95% confidence level, these two variances could no longer be combined and the t-test was applied also at 95% confidence level using the test statistic proposed for this purpose by Miller and Miller (2000) . It must be mentioned that although these tests are strictly applicable to "normal" samples, we did not make an attempt to apply the relevant normality tests (Verma, 2002) to the initial data because the Student t-test is rather insensitive to deviations from normality (Jensen et al., 2000) .
Thus, all chemical variables resulted in one of four categories for fresh and altered rocks (all being referred Major element data for four samples (LA19a, are from Dobson and Mahood (1985) ; data for the sample H550 are from Verma and Hasenaka (2004)-this sample has very low B (1.7 ppm) and Be (0.57 ppm) contents. Rock-types according to total alkalis vs. silica diagram (Le Bas et al., 1986) and CIPW norms are on an anhydrous 100% adjusted basis, with Fe 2 O 3 /FeO ratio after Middlemost (1989) , using the computer program SINCLAS to 95% confidence level): (1) no statistically significant differences, neither for means nor for variances (i.e., for this particular variable there are no significant differences between fresh and altered rock groups); (2) statistically significant differences for variances only (i.e., for this particular variable there are significant differences for variances between these two groups of rocks; note variance estimates include both field and laboratory variances); (3) statistically significant differences for means only (i.e., for this particular variable there are significant differences for means between these rock groups and not for their variances); and (4) for means as well as variances between these rock groups).
The cases under categories 3 and 4 imply statistically significant alteration effects that will be discussed in this paper.
RESULTS
The actually measured major element data, CIPW norms, and trace element data for surface and drill well rocks from the LAGF are given in Tables 1 and 2 , respectively. The Sr, Nd, Pb and O isotopic compositions for all samples are presented in Table 3 .
Rock classification
The samples analyzed in this study are all Q and Hynormative (from basaltic andesite to rhyolite; Tables 1  and 2 ), except one Ol-normative (instead of Q-normative) basaltic andesite recently reported by Verma and Hasenaka (2004) .
In order to fully explore the implications of our new data for hydrothermal alteration effects, we established an extensive database for rocks from LAGF and its vicinity (sample locations are given in Fig. 2 ) from the following sources: Dobson and Mahood (1985) , Cathelineau et al. (1987 Cathelineau et al. ( , 1991 , Silva Mora (1988) , Hasenaka (1992) ,
The geochemical data for these isotopically studied samples are from Torres-Alvarado and Satir (1998) , reproduced here for the sake of completeness and quick availability. However, rock-types and CIPW norms Torres-Alvarado and Satir (1998), Pradal and Robin (1994) , Wallace and Carmichael (1999) , Aguirre-Díaz and McDowell (2000) , Blatter et al. (2001) , Verma et al. (1991) , Verma and Hasenaka (2004) .
All compiled samples are plotted on a TAS diagram ( Fig. 4 ; after Le Bas et al., 1986; Le Bas, 1989 . The entire suite of subalkaline rocks from basalt to rhyolite as well as alkaline rocks from trachybasalt to trachyte are present in the study area. The drill well rocks from shallow depths (up to about 1000 m) may be comparable in age with the surface rocks from LAGF and its vicinity (Fig. 2 ), but at any given SiO 2 concentration level, they are considerably lower in their total alkali contents as compared to the surface rocks. In fact, not only the shallow depth rocks but most drill well rocks show the same general tendency (Fig. 4) .
It may be argued that due to hydrothermal alteration effects, the TAS diagram should not be used for the classification of these volcanic rocks. Therefore, the LAGF samples could be plotted in the classification schemes proposed by Winchester and Floyd (1977) , for example, using SiO 2 against Nb/Y and Zr/TiO 2 (plots not shown). Unfortunately, the rock types for fresh rocks do not fully match with those inferred from the TAS diagram (Fig. 4) . First of all, the rock names in both classifications are sometimes different, for example, rhyodacite does not exist in the TAS classification. Even for the same names there are significant differences in TAS rock names and the Winchester and Floyd's classification, particularly for the alkaline rocks. Therefore, the use of this 25 years old classification system is questionable, and an urgent need exists for new classification schemes for altered volcanic Fig. 2 for sample locations) . The subscript "adj" refers to adjusted data (100% volatile free) from SINCLAS computer program rocks. Concerning altered rocks from the LAGF, andesites are generally classified as such in both TAS and Winchester and Floyd's diagrams, but most dacites are andesites according to the latter. In the light of this discussion, and in the absence of a more appropriate classification system for altered rocks, we will use the rock types as inferred from the TAS diagram (Fig. 4) .
Isotope geochemistry
The initial age-corrected Sr and Nd isotopic ratios from the LAGF range as follows ( . These results will be statistically evaluated using the methodology described earlier in this paper.
HYDROTHERMAL ALTERATION EFFECTS
The volcanic rocks recovered from drill wells are hydrothermally altered as compared to those collected from the surface. The complex water-rock interaction that may have occurred between the volcanic rocks and the geothermal water is likely to change the contents of chemical elements in altered rocks as compared to their 150 S. P. Verma et al. . 2) initial "fresh rock" contents. Using a mass-balance approach, the water/rock ratio effective for such an exchange can be estimated from the concentrations of major or trace elements in the different reservoirs (fresh rock, altered rock, groundwater, and geothermal water).
To decipher the alteration effects, we have first constructed some Harker-type diagrams for volcanic rocks from this area for several major and two trace elements (Fig. 5) , for some element ratios (Fig. 6) , and for radiogenic and stable isotopes (Fig. 7) . SiO 2 is used as the independent or reference variable because it is likely to be a nearly conservative element (oxide) during hydrothermal alteration as discussed below.
SiO 2 as a conservation element
The geothermal fluids from the LAGF have been characterized for their major elements, such as Na (ª1100-2400 ppm), K (ª10-790 ppm), Ca (ª3-62 ppm), and SiO 2 (ª20-1500 ppm; e.g., Kruger et al., 1985a, b) . Using the oxygen-isotope system, Torres-Alvarado et al. (1995) estimated a rather low water/rock open-system ratio (average ª 0.5). Because the SiO 2 contents of geothermal McDonough and Sun (1995) waters from the LAGF are generally low (<0.15%; Kruger et al., 1985a, b) and assuming a maximum water/rock ratio of about 1, the SiO 2 contents of altered rocks would be very similar to the fresh rocks (maximum difference of SiO 2 between a fresh rock with SiO 2 between 50 and 80% and a hydrothermally altered rock would be <0.15%) and therefore, Si (or SiO 2 ) can be considered a conservative reference element (or oxide) for discussing alteration behavior of other elements and element ratios (Figs. 5-7) .
Fig. 6. Element ratios (log scale) plotted against SiO 2 contents of volcanic rocks from the Los Azufres area and vicinity (area of Fig. 2). (a) (Na 2 O) adj /(CaO) adj ; (b) (K 2 O) adj /(Al 2 O 3 ) adj ; (c) Rb/Zr; (d) (LILE) SE /(HFSE) SE , where (LILE) SE = ((K) SE + (Rb) SE + (Ba) SE + (Sr) SE )/4; (HFSE) SE = ((Nb) SE + (Zr) SE + (Ti) SE + (P) SE )/4. Subscript SE refers to Silicate Earth-normalized concentration of a given element. The Silicate Earth values for normalization, taken from
Based on these considerations, a loss of Na 2 O and K 2 O related to hydrothermal alteration is readily seen for most rock-types (Figs. 5(e) and (f)); this is also observed in Na 2 O/CaO and K 2 O/Al 2 O 3 ratios (Fig. 6 ). For isotopic ratios (Fig. 7) (Figs. 7(a) and (b) ), whereas Pb isotopic ratios decrease (Figs. 7(c) to (e)) as compared to fresh rhyolites. For dacites, andesites, and basaltic andesites, data are scarce, but some increments may be inferred for Pb isotopes in altered rocks (Figs. 7(c) to (e)). For oxygen isotopes (Fig. 7(f) ) no clear tendency is observed for any given rock-type, perhaps due to large dispersion of data for rhyolites and scarcity of data for other rock types.
Statistical evaluation of alteration effects
In order to better understand hydrothermal alteration effects, the chemical compositions of fresh rocks were statistically compared to those of altered rocks (from shallow <1000 m depth drill wells), for different rock-types: rhyolite (Table 4) ; dacite (Table 5) ; andesite (Table 6) ; and basaltic andesite (Table 7) . Because data for a large number of rhyolite samples (n = 17; Table 4) were available from surface area of the LAGF itself (Fig. 2) , it was possible to statistically compare them to drill well rocks (n = 11; Table 4 ) from shallow depths ranging from 20-620 m. For this reason, statistical evaluation of alteration effects in rhyolites is most interesting and, therefore, is presented before other rock types. For the latter, samples from the entire study area (Fig. 2) had to be taken into account for statistical evaluation purposes (Tables 5-7) . Although for dacites and andesites drill well rocks were from <1000 m depth (Tables 5 and 6 ), for basaltic 
Fig. 7. Isotopic ratios versus SiO 2 contents of volcanic rocks from the Los Azufres area and vicinity (area of Fig. 2). Rock types are shown as inset in (a), (b). (a) Initial
Table 4. Statistics of geochemical and isotopic data for rhyolitic rocks from surface outcrops and drill wells from the Los Azufres geothermal field, Mexico
The subscript adj refers to the adjusted major element data from SINCLAS  and means between fresh and altered rocks are shown separately in Tables 4-7 and graphically represented in Figs. 8-11. In order to facilitate the description of hydrothermal alteration effects observed in drill well samples, we will explain in detail only the results regarding rhyolitic rocks (Table 4 and Figs. 8 and 11) , showing the way the data reported for other rock types (Tables 5-7; Figs. 9 and 10) might be interpreted.
Alteration of rhyolitic rocks
For rhyolitic rocks, a large number of chemical variables, including the conservative SiO 2 , show no significant differences between surface outcrops and drill well rocks (Table 4 ). This probably implies that the altered drill well rocks had, on the average, an initial composition (mean and variance values) similar to the surface fresh rocks and the alteration process did not affect these chemical variables to any significant extent (no differ- andesites it became necessary to include also still deeper rocks (up to 2600 m) in order to have sufficient number of samples (n = 13; Table 7 ) for a meaningful statistical comparison to surface basaltic andesite rocks (n = 26; Table 7 ).
Statistical parameters estimated for each geochemical variable were mean and standard deviation values, as well as 95% confidence interval of the mean (Tables 4-7 ). The range represented by this confidence interval of the mean (equivalent to the concentration range within which the mean value for new experiments will lie with about 95% confidence level or 0.95 probability; Miller and Miller, 2000) takes into account the variable number of analysis for different groups of rocks and, therefore, is a good statistical indicator for comparing mean concentrations of fresh and altered rocks. Highly significant differences (at the 95% confidence level) for only variances, only means, and both variances Table 6 . See Fig. 8 for explanation.
ences were observed at the 95% confidence level). The unaffected chemical variables include: 7 major elements, 6 normative minerals; 4 trace elements and 5 element ratios (Table 4 ).
Significant differences (here and so forth, "significant differences" are referred to the 95% confidence level) were observed for both means and variances in Rb, and in the ratios Rb/Ba, Rb/Zr, Zr/Y, as well as in 206 Pb/ 204 Pb ( (Fig. 8(a) ). Considering that the number of samples in each group is relatively large for most chemical variables (n = 11 to 17, except for Ni, Cr, and 87 Sr/ 86 Sr, for which n = 5; Table 4), these differences in the variances are probably due to alteration effects, which act in different ways due to numerous factors such as irregular permeability (and, therefore, different 
Alteration of other rock types
Alkalis consistently show significantly lower Na 2 O and Na 2 O + K 2 O contents in altered dacitic and andesitic rocks compared to fresh ones (Tables 5 and 6 ; Figs. 9(c) and 10(b), respectively). In the case of dacitic rocks, this difference is statistically significant for both means and variances, whereas for andesites, this differences is significant for means only. This effect, already described as a shift towards lower Na 2 O + K 2 O values at a given SiO 2 level in the TAS diagram (Fig. 4) , may be explained from the alteration of primary plagioclase to secondary minerals such as clay minerals, chlorite, and epidote. The loss of total alkalis unaccompanied by a significant change in SiO 2 will tend the altered alkaline rocks to be classified as sub-alkaline varieties using TAS diagram (Fig. 4) .
Some other elements also show significant differences between fresh and altered rocks although not for both compositional groups. In dacitic rocks (Table 5 ; Fig. 9(c) ) both means and variances for V and TiO 2 show a statistically significant increase and for Sr a significant decrease related to hydrothermal alteration effects.
It is interesting to note that although SiO 2 behaves as a conservative element, there is a significant increase in mean values of normative Q in altered dacitic and andesitic rocks (Figs. 9(b) and 10(b) ). Some element ratios such as Rb/Ba, Rb/Sr and Ba/Zr show a systematic behavior in both rock types (Figs. 9(b) , (c) and 10(b), (c)).
For basaltic andesite rocks, significant differences (Table 7) were observed in mean values in some chemical variables such as total alkalis, K 2 O, and FeO t (and related element ratios), normative Q and Or, Ba/Y, and Ba/Zr.
Alteration effects in isotopic ratios
Isotopic ratios have been measured (Table 3) for all P c(r,n) = the probability that the variables are not correlated (i.e., [1 -P c(r,n) ] is the probability that the two variables are correlated); %CL = confidence level in % that the two variables are correlated (boldface numbers in this column denote statistically valid correlations at the 95% or more confidence level). x-y variables Surface outcrops (all data for basaltic andesite to rhyolite) Drill wells (all data for basaltic andesite to rhyolite) n Slope ± sd 95%CI of the slope r P c(r,n)
%CL n Slope ± sd 95%CI of the slope r P c(r,n) four rock groups (rhyolite, dacite, andesite, and basaltic andesite). Unfortunately, for only rhyolitic rocks the number of samples (n = 5 for each group of fresh and altered rocks) was large enough to allow us to follow the statistical methodology proposed here (Table 4) .
%CL
Variances and means for 206 Pb/ 204 Pb ratio in fresh rocks were statistically different from altered rocks (Fig. 11(c) ). In fact, a highly significant decrease in this ratio is observed in altered rocks as compared to the fresh ones. 143 Nd/ 144 Nd also show a significant decrease related to hydrothermal alteration effects (Fig. 11(b) ).
87 Sr/ 86 Sr, on the other hand, presents a significant difference only in the variances (Fig. 11(a) ). Because the analytical procedures used for obtaining Sr, Nd, and Pb isotopic measurements are of high precision, significant differences in their variances (Figs. 11(a) and (c)) are due to the natural heterogeneity of volcanic rocks and geothermal fluids of the LAGF and may, therefore, reflect hydrothermal alteration effects.
Although we still do not have Pb concentration data in our rock samples nor the radiogenic isotope compositions of geothermal waters from the LAGF have ever been analyzed, we can hypothesize the characteristics of these fluids that will satisfy the alteration effects described above. In order to understand the behavior of radiogenic isotopes for different rock types (Fig. 7) , we carried out a statistical regression analysis for all available data from our study area (Table 8) . For surface rocks, SiO 2 -isotopic ratio correlations are statistically valid only for 206 Pb/ 204 Pb and 208 Pb/ 204 Pb at the 95% confidence level because for these two cases the linear regression coefficient (r) is statistically significant and the 95% confidence interval of the slope of the regression line does not include zero. These positive correlations (see positive values of slope for these two isotopes) can possibly be explained from crustal assimilation effects. For Sr and Nd isotopes, the correlations do not appear to be linear (Figs. 7(a) and (b)), which is consistent with the statistically invalid results obtained for these isotopes (Table 8) .
For altered rocks, on the other hand, based on both indicators (r values as well as the 95% confidence interval of the mean; 
CONCLUSIONS
The new and published major and trace element data, radiogenic (Sr, Nd, and Pb), and stable isotope (O) data on samples of volcanic rocks collected from outcrops as well as drill cores from the LAGF and the surrounding area, reveal the following:
(1) SiO 2 can be considered a conservative reference element (oxide) for discussing alteration behavior of other elements and element ratios.
(2) Hydrothermal alteration processes are mainly reflected in a significant loss of total alkalis for all rock types except rhyolites, for which this loss is not statistically significant. 
